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Styrene was copolymerized with 2,4,6-tribromophenyl metha-
crylate or pentabromophenyl methacrylate in either aqueous emuls-
ion or dimethyl formamide solutions and the thermal and flam-
mability properties of the resulting polymers were investigated.
The reactivity ratios of the monomers in both media were
established. The initial homopolymerizution reaction rates estab-
lished in benzene solution increased in the order styrene c- penta-
bromophenyl methacrylate > 2,4,6-tribromophenyl methacrylate
whereas the copolymerization reaction rate have an opposite
direction in respect to styrene .The thermal stability of the poly-
mers determined from TGA and DTG measurements, showed that
poly(2,4,6-tribromophenyl methacrylate) and its styrene copoly-
me rs were thermally stabler and that the copolymers of penta-
bromophenyl methacrylate with styrene had better flame retardant
properties as was demonstrated by Iimiting oxygen index measur-
ements.
INTRODUCTION
In 'Our earlier communications.v" results 'Of the study 'Of the copolymers
'Ofstyrene and acrylanitrile and same brominated acrylates were described. It
was faund that the rates 'Ofhomopolymerization 'Of2,3-dibromaprapyl acrylate,
2,4,6-tribramaphenyl acrylate ar pentabramaphenyl acrylate and copolyrneriza-
tian with styrene increased with increasing the electranegativity 'Of the sub-
stituents and that incorpor ation 'Of brominated monorners reduced ta same
extent the thermal praperties but improved the flame retardancy 'Of the
copolymers abtained.
Same work dealing with homopolymerization 'Ofbraminated phenyl metha-
crylates" and the copolymer izatiorrof these monomers with styrene! has been
reparted. Recently, copolymers 'Of halagenated methacrylic esters with 'Other
vinyl monomers have attracted speciaI attentian because they can be used for
the impravement 'Offlammability characteristics." Mast 'Ofthe end use properties
'Ofthese copolymers have been described in the patent literature.š-?
r
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This paper details the copolymerization reactions of styrene with 2,4,6-tri-
bromophenyl methacrylate and pentabromophenyl methacrylate in aqueous
emulsion and in solution and discusses some properties of the copolymers
obtained, particularly their thermal and flammability behaviour.
EXPERIMENTAL
Materials
Styrene was washed with 50/0 aqueous sodium hydroxide solution, dried, and
distilled under nitrogen at 10 mm before use. The initiator used in the emulsion
experiments was analytical grade potassium persulfate (Merck Chem. Co.) and the
emulsifier was purified grade sodium dodeeylbenzene sulphonate (Allied Chem. Co.).
Azobisisobutyronitrtle (AIBN) was reerystallized from methanol. Solvents were
purified in the usual manner.
Pentabromophenol and 2,4,6-tribromopehnol (Aldrieh Chem. Co.) were repreci-
pitated from benzene solutions into methanol, m. p. 92-930C and 225-226°C, res-
peetively. Methaeryloyl ehloride (AIdrich Chem. Co.) was distilled under nitrogen
before used.
Measurements
Infrared spectra were reeorded on a Perkin-Elmer spectrophotometer Model 147
from films east from ehloroform solutions onto sodium ehloride plates. 13C-NMR
spectra were reeorded on a Varian-CFT 20 speetrometer with' eomplete proton
decoupling and 'H-NMR speetra were measured on a 90 MHz Varian EM-90 spectro-
meter. The measurements were earried out at room temperature on 10010solutions
in deuterated ehloroform with TMS as internal standard.
Thermogravimetric analyses (TGA, DTG) were earried out with a Perkin-Elmer
TGS-2 and DSC-2 instrument in anitrogen atmosphere and at a heating rate of
10oC/min.
The limiting oxygen index measurements were carried out with a Stanton-Rederoft
FTA instruments on films east from methylene ehloride solutions (20 wt ~/o) onto
glass plates. The films were dried for 24 hours at ambient temperature and then
for another 16 hours at 0.1 mm and 26°C and were finally eut into strip s of 80 X 6.5
mm.
Intrinsie viseosities were measured on a Cannon-Fenske eapi1lary viseometer
No. 100, in toluene at 30oC.
Procedures
Brominated monomers
Brominated monomers were prepared by the eondensation of methaeryloyl
ehloride with the appropriate brominated phenols aeeording to Sehotten-Baumann,
following a modified literature procedure+'. The reaetion proeeeds as follows:
Br CH3
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2,4,6-TribromophenyL methacrylate (TBPMA). Over a period of two hours,
solutions of methacryloyl chloride (58 g, 0.55 mole) in 60 mL of dry methylene chlo-
ride and of triethanol amine (56 g,0.55 mole) in 60 mL of methylene chloride were
added dropwise and simultaneously to a stirred solution of 2,4,6-tribromophenol
(166 g, 0.5 mole) and hydroquinone (0.2 g) in 400 mL of methylene chloride, cooled
in a ice-water bath, Stirring was continued for six hours at room temperature,
then the solid was separated by filtration. The solution was washed with water
and a sodium dicarbonate solution, dried with sodium sulfate, and finally the solvent
was evaporated. The crude product was dissolved in 300 mL of petroleum ether and
crystallized by cooling in a refrigerator. Recrystallization from petroleum ether gave
156 g (780/0)of white cubic crystals, m. p. 66-67 aC.
Analysis for Cl0H702Br3 Calcd.: C, 30.110/0;H, 1.770/0;Br, 60.100/0
Found: C, 30.040/0;H, 1.820/0;Br, 60.42010
The iH NMR spectrum showed a singlet at o 7.28 ppm (aromatic nucleus) multiple
signals at o 5.37 ppm and 6.30 ppm (methylene group) and signal at 1.88 ppm (methyl
group).
The i3C NMR spectrum showed the following signals: =CH2 (o 134.41 ppm),
=C- (o 128.16 ppm), -COO- (o 162.98 ppm) and the aromatic ring C--1 (o 145.7\1
ppm), ortho C-2,6 (o 118.46 ppm), metha C-3.5 (6 134.66 ppm) and para C-4 (o 119.56
ppm) and the methyl group at o 18.23 ppm.
PentabromophenyL methacryLate (PBPMA). For the synthesis of PBPMA the
same method as described for TBPMA was used but with toluene as the solvent,
and the crude product was recrystallized from ethyl acetate giving white needle
crystals in 740/0yield, m. p. 242-243 aC.
Analysis for Cl0H502Br5 Calcd.: C, 21.570/0;H, 0.910/0;Br, 71.77~/o
Found: C, 21.820/0;H, 0.900/0;Br, 71.980/0
The iN NMR spectrum showed multiple signals at o 5.36-6.30 (vinyl group) and
singlet at o 1.88 ppm (methyl group).
The 13C-NMR spectrum for the side chain showed signals for: =CH2 (o 134.34
ppm), =C- (o 129.34 ppm), methyl group (o 18.26 ppm), and the aromatic ring C-1
(o 147.06 ppm), ortho C-2.6 (o 121.14 ppm), metha C-3.5 (o 128.37 ppm) and para C-4
(o 126.80 ppm).
Polymerization Procetliires
Emulsion polymerizations were carried out under a constant stream of nitrogen
in a 100 mL, double-jacketed glass reactor equipped with a mechanical stirrer. A
mixture of 50 g (2 wt.O/o) of an aqueous solution of sodium dodecylbenzene sulphonate
and 10 g of monomer was placed in the reactor which was thermostatted to 60 aC
(± 0.2 aC). The emulsion was purged with nitrogen for 30 minutes before potassium
persulf'ate (0.02 g) was added. The degree of conversion was determined on samples
which were withdrawn at regular interval s and precipitated into methanol.
Homopolymerization of brominated monomers in benzene solutions were carried
out in 20 mL glass polymerization tubes. 'I'ypically 10 mL of the monomer solution
(0.354 mol/L) mixed with AIBN (65 mg) was degassed by the three free ze thaw cycles
and then sealed at 0.1 mm. The tube was placed in a constant temperature bath
at 70 aC for one to five hours and after opening the contents were poured into 50 mL
of methanol. The solid was collected by filtration, washed with methanol, and dried
at 65 aC and 0.1 mm. The same procedure was used for the copolymerizations with
styrene; benzene or dimethyl formamide was used as a solvent and the concen-
tration of monomers were 2.24 mollL.
RESULTS AND DISCUSSION
Co;polymerizations
The free radical copolymerization of styrene (St) with 2,4,6-tribromophenyl
methacrylate (TBPMA) or pentabromophenyl methacrylate (PBPMA) were
performed in aqueous emulsion, as well as in benzene or dimethyl formamide
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sclutions. Because of the low solubility of PBPMA in St, this reaction was run
only in' solution. The influence of the molar composition 'of the initial monomer
mixture on the composition of resulting copolymer in both media are shown
in Tables I, II and III. In all copolymerizations the reactions were stopped
TABLE I
CopoLymerization of 2,4,6-TribromophenyL MethacryLate (Ml) with Styrene (M2) in
EmuLsion at 700C
Monomer feed Copolymer
Experiment mol % Conv. Br. mol. "l», expo
No. % %
TBPMA St TBPMA St
1 10 90 2.4 33.18 24.35 75.65
2 20 80 5.3 39.05 32.63 67.37
3 35 65 4.8 44.27 42.20 57.80
4 50 50 7.9 46.00 46.00 54.00
5 65 35 8.2 48.54 52.30 47.70
6 80 20 2.8 51.44 60.79 39.21
Polymerization conditions: Aqueous Solution (50 g) of sodium 'benzene-sulfonate
(2 wtOfo), monomers (10 g) and K2S20S (0.02 g) at 70 -c.
TABLE II
Copolymerization of 2,4,6-TribromophenyL Methacrylate (Ml) with Styrene (M2) in
DMF at 600C
Monomer feed Copolymer
Experiment mol % Conv. Br. mol. %, expo
No. % o
TBPMA St PBPMA St
1 10 90 2.5 34.46 26.00 74.00
2 20 80 3.2 42.50 38.70 61.30
3 35 65 3.4 45.59 45.05 54.95
4 50 50 4.0 48.30 51.67 48.33
5 65 35 4.9 50.32 57.40 42.60
6 80 20 4.3 52.60 65.07 34.93
Polymerization conditions: DMF solutions (50 mL) of monomers (0.1 mol) and AIBN
(0.24 g) at 60oC.
TABLE III
CopoLymerization of PentabromophenyL Methacrylate (Ml) with Styrene (M2) in DMF
at 600C
Monomer feed Copolymer
Experiment mol ofo Conv. Br. mol. %, expo
No. % %
TBPMA St PBPMA St
1 10 90 2.6 54.77 37.60 62.40
2 20 80 8.8 57.74 43.50 56.50
3 35 65 7.9 60.67 50.50 49.50
4 50 50 7.2 62.12 54.62 45.38
5 65 35 5.6 63.42 58.70 41.3u
6 80 20 6.3 65.10 64.50 35.50
Polymerization conditions: DMF Solutions (50 mL) of monomers (0.1 mol) and AIBN
(0.24 g) at 60 =c.
r
1.0.-----------------"
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Figure 1. Copolymerization of 2,4,6-tribromophenyl methacrylate (Ml) with styrene
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Figure 2. Copolymerization of pentabromophenyl methacrylate (Ml) with styrene at
60 =c in DMF solution (O).
before the copolymerization had reached 100/0 conversion. The copolymer
compositian was established by bromine analysis.
The plot of monomer-copolymer mol fraction composition for the bro-
mina ted monomer (Ml) (Figures 1 and 2) shows a tendency toward ideal copoly-
merization; a similar observation was found for the brominated acrylic esters.'
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Using the Kelen-Tudos mean square relationship" and confidence intervals"
we calculated the reactivity ratios (Table IV) from the experimental data. We
related the values of the established reactivity ratios to polar (e) and resonance
TABLE IV
Copolymerization Parameters jor Brominated Methacrylic Monomers (MJ) with
Styrene (M2)
Monomer (Ml) Solvent r1a r a Azeotropic h ei"2 Composition Ql
2,4,6-Tribromo- DMF 0.27 ± 0.05 0.20 ± 0.05 52.3/47.7 1.27 0.91
phenyl
methacrylate Benzene" 0.20 0.15 51.5/48.5 1.48 1.07
Pentabromophenyl Aq. Emulsion 0.13 ± 0.06 0.26 ± 0.04 46.0/54.0 0.88 1.04
methacrylate DMF 0.26 ± 0.02 0.09 ± 0.02 44.8/55.2 2.35 1.14
n Calculated by the Kelen-Tiidos method."
b Calculated by assuming that Q = 1.0, e2 = - 0.8 for Styrene.
c Ref. 10.
(Q) effect in the Alfrey-Price scheme. As seen, both parameters increase as the
amount of bromine in the monomer increases.
The tendency to form alternating styrene/phenyl brominated acrylic ester
copolymers was also confirmed by the polymerization rates as determined in
benz ene solution. The amount of copolymer formed at the same feed composition
(styrene 95 mol 0/o) and und er identical reaction conditions was determined.
The results (Figure 3) showed that the ini tial rate of reaction increased in the
10
a) k= 1.55X105 mole /I·sec
b) k= 1f57x165 mole rtsec
c) k= 2.23X 165mole rt-sec
2 3 5 6
TIHE, hrs
Figure 3. The initial rate of copolymerization of pentabromophenyl methacryate (c)
and 2,4,6-tribromophenyl methacrylate (b) with styrene (95 mol °io) (a) at 600C in
benzene with AlBN.
r
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~ 25 -6. a) k"'<4.56X 10 mote /tsec







2 3 5 6
TIME, hrs
Figure 4. The initial rate of homopolymerization of styrene (a), pentabromophenyl
methacrylate (b) 2,4,6-tribromophenylmethacrylate (c) at 70 aC in benzene with AIBN.
order PBPMA> TBPMA > St. Homopolymerization reaction of the monomer
followed the opposite trend in respect to styrene (Figure 4). The polymerization
rate for styrene is about 3-5 times higher than those for PBPMA and TBPMA,
respectively. These results prove that the brominated acrylic monomers are
more reactive and polymerize faster than the corresponding methacrylic esters,
as was earlier proposed.t''-'!
CopolynwT properries
The structure of the copolymers were confirmed by their 1H NMR spectra
(Figure 5), which exhibited characteristic chemical shift values for St·TBPMA
copolymer (5a) of the methyl protons at O = 0.25-0.82 ppm, the methylene
and methine protons of the polymer backbone chain were at O = 0.91-2.04 ppm,
the phenyl protons of the styrene units, at O = 6.59 and 7.05 ppm and 3 and
5 protons of the 2,4,6-tribromophenyl group at O = 7.66 ppm. Similar che-
mical shift values were found for St-PBPMA copolymer (5b), however,
without the protons of the brominated phenyl ring. Solution viscosity mea-
surements of poly(St-co-TBPMA) and poly(St-co-TBPMA), obtained from
benzene solution polymerizations, showed onlyaslight decrease in viscosity
when the content of brominated monomer in the copolymers was relatively
low (Figure 6). However, when the amount of brominated monomer is high,
then significant changes in the intrinsic viscosity of the copolymers, as was
exemplified for the copolymers of TBPMA and St (Figure 7), were observed.
This is presumably due to chain transfer reactions in growing chain, either
from amonomer or from the polymer chain, since this is a general tendency
5 .; 3 2
CHEMICAL SHIF T, ppm
Figure 5. lH-NMR spectra: a) poly(styrene-co-2,4,6-tribromophenyl methacrylate) and
b) poly(styrene-co-pentabromophenyl methacrylate).
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Figure 6. The influence of the copolymer composition of styrene with 2,4,6-tribromo-
phenyl methacrylate (O) and pentabromphenyl methacrylate (e), obtained in bulk
on the intrinsic viscosities in toluene at 30 °e.
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for bromine containing monomers.1,2,12 The thermal stabilities of the homo-
polymers of TBPMA and PBPMA and of their St copolymers were determined
TGA and DTG measurement and flammability tests were carried out by limiting
oxygen index measurements.
Thermogravimetric decomposition curves of homopolymers (Figure 8) have
shown that brominated polymers are less stable in comparison with poly-
styrene. The better thermal stability of poly-TBPMA is probably due to higher
bromine contentof the poly-PBPMA which promotes its faster decomposition.
20 40 60 80
TBPMA IN POLYMER,mol%
Figure 7. The influence of the composition of styrene and 2,4,6-tribromophenyl metha-
crylate copolymers, obtained in emulsion at 70aC, on the intrinsic viscosities itl
toluene at 30aC.
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Figure 8. Thermogravimetric analysis of polystyrene (a), poly(2,4,6-tribromophenyl
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The weight loss of styrene/brominated phenyl methacrylate copolymers
with increasing temperature is shown in Figure 9 and Figure 10. The data
obtained from the thermograms are summerized in Table V. In contrast with
the TGA-curve of poly(St-co-TBPMA) (Figure 9), the thermogravimetric curves
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Figure 9. 'I'hermogravimetrtc analysis of poly(styrene-co-2,4,6-tribromophenyl metha-
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Figure 10. Thermogravimetric analysis of poly(styrene-co-pentabromophenyl metha-
crylate) (molar ratio 56.5/43.5) in nitrogen.
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Figure 11. The influence of the content of the brominated monomer (Br wt%) on the
Iimiting oxygen index of poly(styrene-co-2,4,6-tribromophenyl methacrylate) (O) and
poly(styrene-co-pentabromophenyl methacrylate (e).
rapid decomposibion, separated by the inflexion point C. Point B in Figure 10
marks 500/0 mass loss of the sample from the onset of heating to temperature C.
The temperature reading at the end of the second region of rapid decomposition
(at point C') and for 500f0of the mass loss of the sample (at point B') in the
region C to C' are given in braokets in Table V. The obtained results suggest
that both polystyrene and brominated monomer sequences in these copolymers,
contribute to their thermal stability characteristics. Also as was found f.or
homopolymers, the St copolymer of TBPMA showed better thermal stability
than the corresponding PBPMA copolymer.
The results of the flammability properties, as determined by limiting oxy-
gen index measurements of styrene copolymers with brominated phenyl metha-
crylate monomers, are shown in Figure 11. It is evident that thermal1y less
stable St-PBPMA, release more HBr, and have a higher LIO in comparisan
with St-TBPMAcopolymers. This finding is in agreement with generally
accepted mechanism of flame retardation when the release into the gas phase
of HBr and/ar Br radical will suppress the free radical chain branching react-
ions in the flame. This mechanism is based on studies of hydrogen brornide
inhibited premixed flames.13,14 From these results we conclude that TBPMA
and PBPMA are efficient flame retardants for St polymers, and compare
favourably with other brominated but law molecular weight compounds."
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SAZETAK
Kopolimeri na osnovi bromiranih monomera. 7. Kopolimeri stirena i bromiranih
feniImetakriIata
K. Sarić, Z. Janović i O. VogL
Opisana je reakcija kopolimerizacije stirena s 2,4,6-tribromfenilmetakrilatom,
kao i pentabromfenilmetakrilatom, uvodenoj emulziji odnosno otopinama dimetil-
formamida i benzena, kao i svojstva dobivenih kopolimera, posebno termička sta-
bilnost i svojstva gorivosti.
Određeni su odnosi reaktivnosti monomera, kao i konstante brzine polimeriza-
cije. Redoslijed brzina reakcije homopolimerizacije je u nizu: stiren '> pentabrom-
fenilmetakrilat> 2,4,6-tribromfenilmetakrilat; naprotiv, suprotan je redoslijed za
reakcije kopolimerizacije sa stirenom. Utvrđeno je da je poli(2,4,6-tribromfenilmeta-
krilat), kao i kopolimer sa stirenom termički najstabilniji, akopolimeri stirena i pen-
tabromfenilmetakrilata posjeduju veće vrijednosti graničnog indeksa kisika.
